The blending of the functionalized vinyl polymer poly(4-vinylpyridine) (P4VPy) with the low molecular weight compounds 4,4'-biphenol (44BP) and 2,2'-biphenol (22BP) was studied. The binary systems formed by P4VPy and 44BP (blend A) and by P4VPy and 22BP (blend B) were characterized by Differential Scanning Calorimetry (DSC) to study the effect of the blending on characteristic transition, such as the glass transition of P4VPy and the melting of 44BP and 22BP. The results suggest the postulate that the components of both blends are miscible, with a comparatively higher intermolecular interaction level in the case of blend A. Using Fourier Transform Infrared Spectroscopy (FTIR), the formation of hydrogen bonding between the components of the blends A and B was detected. The behaviour observed with the FTIR corroborates the DSC results. Thermogravimetric Analysis (TGA) and Scanning Electron Microscopy (SEM) were used as additional analytical techniques and the results show a good agreement with the DSC and FTIR results and they complement the characterization of the studied systems.
INTRODUCTION
In the early development of the macromolecular chemistry, research centered on the synthesis and characterization of homo and copolymers. Subsequently, a considerable interest arose for the chemical modification, such as graft copolymerization, as a way to improve the properties of the polymer materials. However, due to the high costs and environment pollution involved in the polymer synthesis processes, the study of polymer blends was notably developed in the last few decades [1] [2] [3] [4] [5] [6] . These blends, by means of the simple mix of functionalized homo and copolymers, have been a very useful way to obtain new materials with novel properties [7] [8] [9] [10] . When one of the polymer components is substituted by a low molecular weight compound (LMWC), interesting materials are also obtained from both a fundamental and applied point of view [11] [12] [13] [14] [15] . A significant number of works describes the addition of LMWCs as additives to keep, improve or modify the properties of the polymeric product [16] [17] [18] . However, most of these works focuses attention on the final properties rather than on a molecular characterization.
In the last decade, some works have described the molecular behavior of this kind of systems. Inoue et al. studied the blends containing poly(ecaprolactone), poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with dihydric phenols and diamino compounds [19] [20] [21] [22] . Atorngitjawat et al. reported the effects of the addition of low molecular weight phenols (containing from one to six hydroxyl groups) on the dynamics of a host polymer: poly(2-vinylpyridine) 23 . Other works describe the calorimetric and morphologic characterization of blends formed by functionalized polymers and LMWCs 11, 15, [24] [25] [26] . The last ones have also been incorporated into polymer blends as compatibilizers of immiscible polymers. In these cases, bifunctional LMWCs have been used [27] [28] [29] .
In the case of both polymer + LMWC blends and immiscible polymers + LMWC blends, it is important to characterize the intermolecular interactions responsible for the miscibility between the components. In this context, one of the most useful analytical techniques, used in this work, is infrared spectrophotometry as can be observed in a series of studies 1, 2, 5, [30] [31] [32] . We have recently reported the results about the miscibilization behaviour of some functionalized vinyl polymers such as poly(2-vinylpyridine) (P2VPy), poly(4-vinylpyridine) (P4VPy) and poly(methyl methacrylate-co-methacrylic acid) [P(MMA-co-MA)] (as polymer components) with some dihydric phenols such as 4,4'-thiodiphenol (TDP) and 4,4'-methylenediphenol (MDP) (as low molecular weight components) 33, 34 . The present paper studies the compatibility in blends formed by P4VPy as the polymer component and 4,4'-Biphenol (44BP) and 2,2'-Biphenol (22BP) as LMWCs. The study was carried out using the analytical techniques used in the previous works, i. e., Differential Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FTIR) and Thermogravimetric Analysis (TGA) as well as Scanning Electron Microscopy (SEM). The structural formulae of P4VPy, 44BP and 22BP are shown in Figure 1 . 
EXPERIMENTAL

Blend components
Aldrich's P4VPy, 44BP and 22BP were used. The weight average molecular weight (Mw) and the glass transition temperature (Tg) of P4VPy are 60,000 g/mol and 151.2 ºC respectively. Melting points (Tm) of 44BP and 22BP are 281.8 and 108.7 ºC respectively.
Preparation of blends
Blends of different compositions were obtained by solution casting using methanol as solvent. From mother dissolutions of the pure components, the blends were prepared on Petri dishes with stirring during approximately 5 h. Subsequently, the solvent was evaporated at room temperature and then the samples were vacuum dried at room temperature for 2-3 weeks until constant weight. The blend concentration was about 2 weight %. Table 1 shows the compositions and the denomination of the blends included in this work.
DSC measurements
The glass transition temperature (Tg) of P4VPy and blends and the melting temperatures (Tm) of 44BP, 22BP and blends were obtained by Differential Scanning Calorimetry (DSC) from the thermograms obtained with a Differential Scanning Calorimeter TA Instruments Q200. Samples (3-5 mg) were placed inside aluminum pans and heated under flowing nitrogen (50 mL/ min), ranging from 0 to 300 ºC for blend A and from 0 to 200 ºC for blend B, with the temperature increased at 10 (ºC/min).
To minimize differences in the samples' thermal history, the corresponding thermograms were obtained according to the following temperature program: heating until T 1 temperature (dynamic stage), isothermal stage at T 1 (static), cooling down to the initial temperature (dynamic, quenching step), isothermal step at the initial temperature (static) and heating until the final temperature (dynamic) [T 1 = 200 ºC and 80 ºC for blends A and B respectively; final temperature = 300 ºC and 200 ºC for blends A and B respectively] . In all cases, Tg, Tm and the heat of fusion (DH fus ) were evaluated from the last stage.
Samples were dried under reduced pressure in a vacuum oven prior to measurements.
FTIR spectra Infrared spectra of P4VPy, LMWCs and their blends were recorded on a Nicolet Magna IR 550 Fourier transform infrared spectrophotometer. Spectra were recorded with a resolution of 1 cm -1 . Samples were prepared directly in KBr pellets.
TGA measurements Thermogravimetric measurements were performed using a Thermal Analyzer TA Instruments Q50. Samples (about 3 mg) were placed inside aluminum pans and heated under flowing nitrogen (60 mL/min) ranging from 25 to 600 ºC at 10 ºC/min, obtaining the corresponding thermal decomposition profiles.
SEM micrographs
Blends were prepared according to the procedure described in Preparation of blends section. However, in this case a glass slide was deposited into the Petri dish, which was then removed and kept at room temperature for total solvent evaporation. The dry samples were metallized by fixing of a carbon conducting band and gold ions were deposited to obtain conducting samples. Finally, the required magnifications were programmed with the microscope software and the images were obtained. RESULTS AND DISCUSSION Figure 2 shows the thermograms obtained for the 1A-11A and 1B-11B samples. From the individual thermograms, the glass transition of P4VPy and the melting of 44BP and 22BP were studied. As can be observed in this Figure, the size of the melting peaks does not allow the observation of the corresponding glass transition temperature (Tg) signals. Figure 3 -a presents the thermogram, with heat flow scale modified, obtained for the 3A sample to illustrate the kind of sign obtained to evaluate the Tg. At this temperature, the heat capacity increases; more energy is required to keep the sample temperature equal to the reference temperature. The heat flow to the sample originates a drop in the DSC curve as shown in Figure 3 -a. From this kind of plots, Tg values of the different blend compositions were determined and listed in Table 2 . In both blends a shifting of the polymer Tg to lower values is observed as the LMWC content increases (Figure 3-b) . This behaviour, known as the plasticizing effect, has been described for different commercial products 35 and by us in a previous work that studied the blends of poly(4-vinylpyridine) and poly(2-vinylpyridine) with 4,4'-thiodiphenol and 4,4'-methylendiphenol 34 .
When the material reaches the Tg, it is softer and more flexible; the polymer is then more malleable for used. The LMWC, acting as a plasticizing compound originates an increase in the free volume between the polymer chains. As a result, a lower energy amount is required for the motion of the chain segments. The thermograms presented in Figure 2 were used to study the change originated in the melting point of the LMWCs as a consequence of the blending processes. 44BP (11A) shows a melting temperature (Tm) of 281.8 ºC, which shifts to lower values as the P4VPy content increases (280.1, 275.5 and 274.3 ºC for 10A, 9A and 8A respectively). Tm disappears when the blend composition is 40 % in P4VPy (7A). From the corresponding melting peaks, heats of fusion (DH fus ) were determined. A trend of decreasing was observed as the polymer content increased (90.4, 30.4, 18.2 and 21.3 kJ/mol for 11A, 10A, 9A and 8A respectively). A lower amount of energy is required to melt 44BP as the blend is richer in P4VPy. This result suggests that the LMWC crystallinity lowers with the polymer content until 44BP exists in an amorphous state and its crystallization is hindered in the blends 7A-2A. The Tm and DH fus values determined for this blend are presented in Table 2 .
In the mixture, the 44BP molecules are distributed between the polymer chains, resulting in a diminishment in the molecular order of this LMWC. As a result, the crystallinity should lower. We have reported the same behaviour for blends formed by P4VPy, poly(2-vinylpyridine) (P2VPy) and poly(methyl methacrylate-co-methacrylic acid) [P(MMA-co-MA)] as polymer components and 4,4'-thiodiphenol (TDP) and 4,4'methylenediphenol (MDP) as low molecular weight components [33] [34] . In all the cases, the observed behaviour suggests some kind of intermolecular interaction between the polymer and the LMWC.
The Tm and DH fus values obtained for the blend B are also presented in Table 2 . In this case, only a moderate fall of DH fus is observed from 11B (pure 22BP) to 10B (10 % P4VPy). Heat of fusion and melting temperature are maintained relatively constant with the composition (for the samples 11B, 10B and 9B). These results would reflect both the 22BP's lower degree of crystallinity (Tm = 108.7 ºC) and a comparatively lower level of intermolecular affinity between the components forming the blend B .
The blends studied in this work were also analysed with infrared spectroscopy in order to detect and identify the kind of intermolecular interaction. The shifting of the infrared absorption band corresponding to a determined functional group is interpreted as a direct consequence of specific intermolecular interactions due to the changes in the electronic density of the involved chemical bonds 34 and references therein . From the structural formulae of P4VPy, 44BP and 22BP presented in Figure 1 , the hydrogen bonding formation is proposed to be due to the presence of the pyridine group in P4VPy and the hydroxyl groups in 44BP and 22BP.
Spectroscopic procedures are the techniques most used to characterize and study hydrogen bonding in polymers 30 . Fluorescence or nuclear magnetic resonance studies have been performed, although the spectral technique commonly used to study hydrogen bonding and especially in polymer blends, is the infrared spectroscopy 30 . Different spectral modes corresponding to protons donors or acceptor groups are notably affected both in intensity and in position when they are part of a hydrogen bond. Frequently, the functional groups involved in these bonds are different in each polymer and they do not overlap, simplifying the spectral analysis 30 . For example, pyridine rings of polyvinylpyridines, typical proton acceptor polymers, suffer evident modifications. The mode corresponding to the deformation of the ring, centred in 993 cm -1 for nonbonded groups, experiments a shift towards higher wave numbers when it forms part of a hydrogen bond, which is attributed to an increase in the stiffness of the associated ring 30, 34 . Figure 4 shows the FTIR spectra of the blend A for selected compositions as representative examples. The monomer units of P4VPy contain pyridine groups, whose absorption band associated to the ring deformation appears at about 995-996 cm -1 . On the other hand, 44BP and 22BP do not have pyridine groups, and thus, do not present this characteristic band. Then, any modification in this spectral region can be related with some electronic variation in the environment of the ring. The position of the band corresponding to ring deformation was analyzed as a function of the LMWC content. The obtained results can be observed in Figure 5 , which shows the shifting to higher wave numbers as the 44BP and 22BP percentage increases. This behaviour reveals the increase in ring stiffness due to the formation of hydrogen bonding between the pyridine nitrogen of P4VPy and the hydroxyl group of the LMWCs. In effect, when the pyridinic nitrogen is associated by hydrogen bonds with 44BP and 22BP, the stiffness of P4VPy's aromatic ring increases. As a result, more energy is required to produce a deformation vibration and consequently the corresponding wave number is higher. Another interesting fact is implied by the results shown in Figure 5 . A higher variation for the wave number of the band associated to the pyridinic ring deformation with the composition is observed for the blend A, i. e., when P4VPy is blended with 44BP. According to the prior analysis, more energy is necessary to produce the vibration by deformation, which reflects a higher degree of molecular affinity between these components. Hydrogen bond formation requires not only the presence of a hydrogen atom bonded to another electronegative atom, but also an appropriate spatial disposition. 44BP and 22BP are position isomers and therefore with similar features such as molecular size and the kind of functional group. However, in the case of 44BP each hydroxyl group is in position 4 with respect to the other ring, which implies a better spatial disposition for the intermolecular interaction. In 22BP the hydroxyl group is less accessible for the interaction. Even if the aryl-aryl simple bond of 22BP can rotate, each -OH group is always in position 2 with respect to the other ring, i. e., closer to the di-substitution position and thus more sterically hindered. This behaviour shows a good agreement with the first results obtained by DSC with respect to the components forming the blend A, which presents a comparatively higher level of molecular affinity.
The analytical techniques of Thermogravimetric Analysis (TGA) and Scanning Electron Microscopy (SEM) were also used, as complementary tools, to characterize the studied blends. Figure 6 shows the thermal decomposition profiles obtained by TGA for the blends A and B. In all the cases, intermediate decomposition curves with respect to the pure components were obtained. An evident trend to the diminishing of the P4VPy's thermal stability with LMWC content is observed. The TGA profiles were also used as prior evidence when setting the temperature ranges for the DSC since the obtaining of information from the corresponding thermograms requires the samples' thermal stability. Different temperature values are used to represent the extent of the thermal decomposition in a polymer sample, e. g., T 50 , the temperature at which the weight reduction reaches 50 weight %. From the decomposition profiles shown in Figure 6 , T 50 was determined and plotted against the 44BP and 22BP content. The obtained results are presented in Figure 7 , in which a decrease in P4VPy's thermal stability as the LMWC content increases is observed. Scanning electron microscopy (SEM) was used for the morphological characterization of the studied binary systems. Figure 8 shows the SEM micrographs of the blend A and B for selected compositions as representative examples. According to these images, P4VPy's surface is observed to have a continuous and uniform aspect, which is altered as a consequence of the blending process as the LMWC content increases. A change in the blend morphology is revealed and the formation of structures such as granules and orifices associated to the incorporation of the crystalline compounds 44BP and 22BP, is observed. When P4VPy is blended with 22BP (blend B), the characteristic structures associated to 22BP becomes evident only from sample 9B, corresponding to 80 % in the LMWC. Nevertheless, when the polymer is blended with 44BP (blend A) an evident formation of these structures can be noted for samples 5A-10A, i. e., from 40 % in the LMWC. The presence of the LMWC is observed at a lower content in the case of the blend A, a result that complements the behaviour obtained by DSC and FTIR with respect to the comparatively higher molecular affinity level between the components P4VPy and 44BP. 
CONCLUSIONS
The addition of 44BP and 22BP originates a plasticizing effect on P4VPy, i. e., the diminishing of the glass transition temperature, which reflects the disposition of the LMWC molecules between the polymer chains.
The addition of P4VPy produces the decrease in the melting temperature and the heat of fusion for 44BP and 22BP, which can be interpreted in terms of the decrease in the molecular order of the LMWCs due to their interaction with P4VPy.
A shifting of the infrared absorption band, associated to the pyridine ring deformation, towards higher wave numbers is detected as the blend is richer in LMWC. This variation represents the increased stiffness of the aromatic ring of P4VPy due to the formation of hydrogen bonding.
P4VPy's thermal stability decreases as the content of 44BP and 22BP increases.
The molecular affinity detected for the studied system produces morphologic changes that were observed by scanning electron microscopy.
Miscible blends formed by a functionalized vinyl polymer and by bifunctional low molecular weight compounds were prepared, revealing the importance of specific interactions, such as hydrogen bonding, in blends containing polymers.
